ABSTRACT Wild radish is an annual plant that exhibits broad spectrum induced resistance to herbivores. In two experiments, we placed potted plants [control, manually clipped, and damaged by Pieris rapae (L.) larvae] in the Þeld and assayed for oviposition by P. rapae (a specialist herbivore), damage by ßea beetles (a specialist herbivore), and damage by rabbits (a generalist herbivore). Induced responses attracted oviposition by P. rapae and increased damage by ßea beetles, while having a minimal effect on rabbit herbivory. Plant families had different levels of resistance to herbivory by rabbits and to oviposition by P. rapae, but not to herbivory by ßea beetles. Manual clipping was a poor inducer of plant responses. Induced responses in wild radish can be a doubleedged sword, increasing herbivory by some herbivores under certain conditions, while reducing herbivory by other herbivores.
MANY PLANTS ACTIVELY respond to herbivore damage by producing chemicals or structures that reduce future attack (Karban and Baldwin 1997) . Such induced responses that increase plant resistance are thought to be adaptive in that they can increase the Þtness of plants in environments with herbivory, but may reduce Þtness in the absence of herbivory (Agrawal 1998) . One beneÞt of induced responses over constitutive strategies is that the plant-defense strategy is not on all of the time, and thus potential host-Þnding cues for specialist herbivores are not present when plants are not induced (Agrawal and Karban 1999) . For example, damage-induced responses in Cucurbita moschata (Duchesne) deterred feeding by one herbivore [Epilachna tredecimnotata (Latreille)], while they attracted another species [Acalymma vittata (F.) ] (Carroll and Hoffman 1980) . In this case, the inducible strategy may protect the plant against one attacker, but also prevents the plant from being devoured by the other.
Plants in the family Brassicaceae produce a group of secondary metabolites known as mustard oil glycosides, or glucosinolates, which play a role in plant defense (Chew 1988, Louda and Mole 1992) . Within the family, constitutive levels of glucosinolates vary between species and individuals, and in addition, many brassicaceous plants produce higher levels of indole glucosinolates after herbivory (Koritsas et al. 1991 , Bodnaryk 1992 , GrifÞths et al. 1994 , Baur et al. 1998 . Glucosinolates have been found to deter herbivory by generalist herbivores and attract specialist herbivores (Huang and Renwick 1994, Giamoustaris and Mithen 1995) . Because glucosinolates play this dual role, it might beneÞt brassicaceous plants to produce high levels of glucosinolates only after herbivory has occurred, thereby reducing attraction of specialist herbivores when they are not under attack.
We have examined the induced responses of wild radish plants [Raphanus raphanistrum (L.) and R. sativus (L.)] to place the evolutionary ecology of induced resistance in a community context (Agrawal 1998 (Agrawal , 1999a (Agrawal , 1999b (Agrawal , 2000 Agrawal et al. 1999a Agrawal et al. , 1999b . In this system, plants are attacked by many specialist and generalist herbivores and respond by increasing concentrations of indole glucosinolates and densities of setose trichomes. During the natural phenology of wild radish, induced resistance has been reported against seven species of herbivores in three different feeding guilds, reducing their preference or performance, yet other herbivores seem unaffected by the induced plant responses (Agrawal 2000) .
In this study we sought to examine the consequences of induced responses to herbivory for lateseason herbivores of wild radish, several of which are specialist feeders. SpeciÞcally we asked the following question: What are the consequences of caterpillar damage (removal of one leaf) and manual clipping (removal of one leaf) for oviposition by Pieris rapae (L.) (a specialist herbivore), damage by ßea beetles (a specialist herbivore), and damage by rabbits (a generalist herbivore)?
Materials and Methods
Raphanus raphanistrum (Brassicaceae) is a cosmopolitan, self-incompatible, annual plant found in disturbed sites. In northern California, where this study was conducted, wild radish plants germinate in the late winter (DecemberÐFebruary), ßower through spring (FebruaryÐMay), and produce indehiscent seeds by early summer (MayÐJuly). Generalist and specialist folivores of wild radish include various caterpillars, aphids, beetles, and mollusks. The common herbivores of wild radish that are negatively affected by induced resistance include earwigs, grasshoppers, aphids, and several species of lepidopteran larvae, including P. rapae (Agrawal 1998 (Agrawal , 1999a (Agrawal , 1999b .
In June and July 1996, we planted seeds of 13 maternal families of wild radish (full-or half-sibs) in greenhouse soil in 800-ml pots. Family structure was used to minimize genetic variance and maximize ability to measure treatment effects. We grew two cohorts of Ϸ80 plants, separated by 1 wk, that were each randomly divided into three treatment groups: (1) unmanipulated controls, (2) damaged by a single P. rapae larva conÞned to a clip-cage (one full leaf removed per plant), and (3) one full leaf clipped with a scissors at the petiole. Treatments were imposed when the plants had two to three true leaves. Clipcages were made from ventilated tops of 5-cm petri dishes attached to either side of a hair clip. Several other experiments in this system have showed that empty clip-cages attached to leaves do not induce responses or affect seed set (Agrawal 1999a (Agrawal , 1999b Lehtilä and Strauss 1999) . The clip-cages were moved twice daily to allow the caterpillar to consume the entire leaf; the larvae completed their feeding within 2 d. The clipping treatment was employed because unpublished data suggested that clipping did not induce resistance (for examples of this in Þeld experiments with wild radish see also Agrawal 1998 Agrawal , 1999a or induction of glucosinolates (Agrawal et al. 1999c ). Therefore, clipping could be used as a leaf-damage control, whereby caterpillar-treated and clipped plants had equal leaf tissue removed, but only the former with induced plant responses. Many other systems show minimal or reduced induced responses to manual clipping damage (Haukioja and Neuvonen 1985 , Hartley and Lawton 1987 , Mattson and Palmer 1988 , Baldwin 1990 , Lin et al. 1990 , Turlings et al. 1990 , Bodnaryk 1992 , Korth and Dixon 1997 . Induced plant responses are thought to be minimized by clipping damage because of the absence of herbivore saliva, the greatly reduced area of actual leaf tissue that is damaged, and rapid nature of the removal.
The day after the treatments were imposed, the plants were set out in a Þeld Ϸ50 m from a cabbage patch at the University of CaliforniaÑStudent Experimental Farm in Davis, CA. The Þeld had a large population of morning glories, Convolvulus arvensis (L.), at which the specialist herbivore, P. rapae, frequently takes nectar. Another specialist herbivore, the ßea beetle (Phylotreta spp.), was present. Generalist pests in the area included thrips, rabbits, and grasshoppers. The plants were randomly arranged in two staggered rows. The rows were 2 m apart, and the plants were 2 m apart within the rows. The plants were set in plastic dishes and given 1 cm of water from below each morning to prevent desiccation. After 3 d, P. rapae eggs that had been deposited on the plants were counted and herbivore damage was recorded. We only observed signiÞcant damage by rabbits and ßea beetles, which have very distinct types of feeding. Rabbit feeding is typically characterized by the consumption of large chunks of leave, whereas ßea beetle feeding is characterized by clusters of many small pits. Percent leaf area removed was calculated by visual estimation (i.e., each leaf of a plant that has Þve leaves ϭ 20%; if 20% of one leaf is damaged we recorded 4% total leaf damage). After the initial assay, the eggs were removed from each plant using Þne tweezers, and plants were left in the Þeld for an additional 3 d. The number of newly laid eggs was counted, and the cumulative herbivory by rabbits and ßea beetles was recorded. This experiment was repeated with the second cohort of plants.
The percentage data were arcsine square-root transformed for analysis. We analyzed the effects of treatment (control, clipped, induced), plant family, and trial on the number of eggs, amount of ßea beetle damage, and rabbit damage per plant (on 2 d each ϭ six response variables) using a multivariate analysis of variance (MANOVA). We employed the MANOVA approach because the egg laying and herbivory are potentially not independent response variables. Interaction terms were not signiÞcant, and were thus not included in the model. Following a signiÞcant MANOVA result, we used univariate analyses to examine effects on the different response variables. In addition, because we had the a priori hypothesis that clipped plants would not show induced responses, we examined the pair-wise differences between treatments using FisherÕs least signiÞcant difference (LSD) test.
Results and Discussion
MANOVA revealed signiÞcant main effects of induction treatments, plant family, and trial (Table 1) . Induced responses attracted oviposition by specialist P. rapae and increased damage by specialist ßea beetles, but only on the Þrst census date (Fig. 1) . Manual clipping was a poor inducer of wild radish, and did not increase plant susceptibility to P. rapae oviposition or ßea beetle damage (Fig. 1) . However, on the second sampling date, clipped plants received signiÞcantly less damage from rabbits than controls. In Þeld experiments that paralleled the natural phenology of wild radish, induced plants received less natural herbivory and produced more ßowers and seeds than controls (Agrawal 1998 (Agrawal , 1999a . There is also strong evidence for induced resistance to several herbivores from different feeding guilds that were not encountered in this Þeld experiment (Agrawal 1999a (Agrawal , 2000 . However, in the current experiment we found evidence for induced susceptibility of plants, with induced plants receiving more P. rapae eggs and damage by ßea beetles than control plants. These experiments were conducted at a time when specialist herbivores abound due to the cultivation of brassicaceous agricultural crops, while many wild brassicaceous species are senescing.
The Þnding that different life stages of herbivores are differentially affected by plant traits may be common. In previous studies we have found strong evidence of induced resistance in wild radish to P. rapae larvae (Agrawal 2000) , yet here adults were attracted to induced plants. It has been well documented that P. rapae adults are attracted to indole glucosinolates (Huang and Renwick 1994) , the same class of glucosinolates that are induced by herbivory in many brassicaceous plants, including wild radish (Koritsas et al. 1991 , Bodnaryk 1992 , Doughty et al. 1995 , Agrawal et al. 1999a . It is not known, however, if induced indole glucosinolates are the active component of induced resistance to larvae. In an analogous system, larvae of the specialist Junonia coenia (Hü bner) have high mortality on genotypes of Plantago lanceolata (L.) that contain high levels of iridoid glycosides (Adler et al. 1995 ), yet adults of J. coenia are attracted to high levels of iridoid glycosides (Bowers 1992) . Divergent effects of plant traits on different life stages have also been reported in tri-trophic interactions where adult parasitoids are attracted to particular compounds, but the same suites of traits have negative effects on parasitoid larvae (Thaler 1999, Havill and Raffa 2000) . Because it appears that adults are often attracted to putative defenses, the net consequences of the negative effects on larvae depend on the relative difÞculty of hostÞnding compared with coping with toxic hosts.
One of the hypotheses put forth to explain the evolution of inducible defenses is that expression of inducible defense avoids creating a persistent target for herbivores that are use these ÔdefensesÕ as hostÞnding cues Karban 1999, Agrawal et al. 1999c ). In addition to P. rapae, specialist ßea beetles (Feeny et al. 1970, Giamoustaris and Mithen 1995) , diamondback moths (Reed et al. 1989 , Riggin-Bucci and Gould 1996 , Verkerk and Wright 1996 , and root ßies (GrifÞths et al. 1994 , Baur et al. 1996a , 1996b , 1998 are also attracted to glucosinolates, although Percentage data were arcsine square-root transformed before the analyses. Fig. 1 . Effects of clipping and caterpillar damage (induced) on the number of P. rapae eggs, percent leaf damage by ßea beetles, and percent leaf damage by rabbits on wild radish plants. Error bars are mean Ϯ SE. Raw data are presented, although percentage data were arcsine square-root transformed for analyses. Different letters represent statistically different values (P Ͻ 0.05, FisherÕs LSD, except B* where P ϭ 0.1).
only a few of these experiments have documented induced susceptibility to these herbivores. The most puzzling results have been reported for ßea beetles, in which induced resistance has been reported under some conditions (Palaniswamy and Lamb 1993, Agrawal 1998) , whereas induced susceptibility resulted under other conditions (Vaughn and Hoy 1993, this study) .
In addition to levels of plant resistance and susceptibility being affected by environmental conditions (i.e., previous herbivory), we demonstrated that families of wild radish plants also vary in their resistance to oviposition by P. rapae and herbivory by rabbits (Table 1; Fig. 2 ). Family level variation was striking, spanning an order of magnitude in attack by P. rapae and rabbits. There was no correlation between these two attackers (Fig. 2) . Although there was no overall effect of induction on rabbits, the family level variation is intriguing, and perhaps suggests that rabbit herbivory has selected for constitutive resistance over induced resistance. We did not Þnd evidence that induced resistance varied across families (i.e., a genotype-by-environment interaction indicating genetic variation in induction). In other experiments we found evidence of genetic variation in wild radish for induced resistance to aphids (Agrawal 1999a) , and such genetic variation has been reported for several other plant-herbivore systems (Agrawal 1999b) . Thus, plant genotype, environment, and their interaction have the potential to inßuence generalist and specialist herbivores of wild radish. Fig. 2 . Variation in the number of P. rapae eggs oviposited and percent leaf herbivory by rabbits on 13 families of wild radish. Data for each family is the average of several individual plants censused on two dates. There is no correlation between the two types attackers (Bartlett chi-square ϭ 0.200, df ϭ 1, P ϭ 0.655).
